We tested the applicability of Allen ' s rule in 47 species and 32 unnamed forms (populations that are probably good species or undefi ned taxa within a superspecies or species group) of the South American subterranean Hystricomorph rodents of the genus Ctenomys (tuco-tucos) (Rodentia: Ctenomyidae) by analyzing tail length in relation with head and body length, and body mass. Tail length allometry was analyzed by Reduced Major Axis regression while the possible correlation of relative tail length with temperature, precipitation and evapotranspiration variables was explored through Simultaneous Autoregression to account for spatial autocorrelations. Our results indicate that tuco-tucos do not follow Allen ' s rule but its converse, tail proportion relative to body mass increasing with latitude while body size decreases in the same direction (the trend is similar for tail length relative to head and body length but not statistically signifi cant). Regarding climatic variables, the main predictors of relative tail length were temperature and evapotranspiration variables with trends confi rming the positive (non-Allenian) correlation of relative tail length with latitude. We conclude that tuco-tucos, being almost fully subterranean, thermoregulate behaviorally by maintaining constant temperatures within their burrows independent of geographic location. The former confi rms previous results that indicated that Ctenomys follows the converse to Bergmann ' s rule. Relative tail length variation would be a result of simple allometric growth.
Introduction
Allen ' s rule (Allen 1877 , 1905 , Mayr 1999 ) is an empirical geographical pattern according to which, protruding body parts of endothermic animals, such as tails, limbs, ears, bills, etc. tend to be relatively shorter in the cooler parts of the range of a taxon than in its warmer parts. This ecogeographical rule has been considered traditionally as a complement to Bergmann ' s rule (Bergmann 1847 ) , but has received less attention than the former. Nevertheless, a small number of studies have demonstrated the existence of Allenian clines in endotherms (birds: Snow 1954 , Meril ä 1977 , Raveling and Warner 1978 , McGillivray 1989 , Bried and Jouventin 1997 , Laiolo and Rolando 2001 , Cartar and Morrison 2005 , YomTov et al. 2006 mammals: Mitchell 1971 , Griffi ng 1974 , Ramey and Nash 1976 , Stevenson 1986 , Lindsay 1987 , Ellison et al. 1993 , Vrba 1996 , Wiggington and Dobson 1999 and also ectotherms (Ray 1960 , Salthe and Crump 1977 ) . Both rules as originally interpreted, considered that the increase in body size (Bergmann ' s rule) and the decrease in the proportions of protruding body parts towards higher latitudes and altitudes conformed to thermoregulation (i.e., heat conservation or the avoiding of heat loss). For Bergmann ' s rule, a number of alternative explanations other than thermoregulation have been proposed (Ashton et al. 2000 , Meiri and Dayan 2003 , Medina et al. 2007 ) many of which could be readily related also to Allen ' s rule. Both rules, which have been alternatively considered in inter-or intraspecifi c applications (Blackburn et al. 1999 ) , with exceptions in different animal groups reported.
Classically, natural selection for thermoregulatory adaptation has been invoked as the essential cause of Allen geographical patterns. Experimental evidence of the former hypothesis has recently been obtained for humans (Tilkens et al. 2007 ). The authors demonstrated that shorter limbs help reduce the metabolic cost of maintaining body temperature, while longer limbs cause greater heat dissipation independent of the effect of mass. Nevertheless, other factors could be involved. Recently, Serrat et al. (2008) demonstrated that in laboratory mice, appendage outgrowth is also markedly infl uenced by environmental temperature. Vasomotor changes would control limb length indirectly through their effects on appendage temperature. Thus, clinal distributions of limb length following the Allen ' s rule trend, may represent a complex amalgam of genetic assimilation after generations of selection combined with direct temperature responses in growing cartilage.
Tuco-tucos (genus Ctenomys de Blainville, 1826) constitute a useful model to test predictions about relationships between body size and environmental variables. The genus includes at least 62 species, showing a wide variation in body size and an enormous geographic distribution spanning across 45 ° of southern latitude from ca. -10 ° in the Peruvian highlands to almost -55 ° in Tierra del Fuego). Populations are found between 0 m and 5000 m above sea level from the Pacifi c to the Atlantic coasts (Contreras and Bidau 1999 , Bidau 2006 , 2011 . These rodents are fully subterranean spending more than 95 % of their lives underground (Nevo 1999 ) and are morphologically homogeneous, all species showing the same adaptations for living underground although varying greatly in size (Medina et al. 2007 ). Furthermore, tuco-tucos inhabit an enormous variety of habitats and climates and although localized populations may be subjected to intense environmental selection resulting from differences in soil texture and depth, available food plants, intensity of predation, etc. their burrows maintain fairly constant temperature and humidity independently of geographic location (Reig et al. 1990 , Nevo 1999 , Busch et al. 2000 , Bidau 2006 , Medina et al. 2007 ). This characteristic probably isolates them quite effectively from the external environment much more than other subterranean rodents (Medina et al. 2007 ). Finally, it has recently been demonstrated that tuco-tucos follow the converse to Bergmann ' s rule (Medina et al. 2007 ).
Similar to other subterranean mammalian taxa, the Ctenomyidae exhibit a complex set of adaptations to the underground milieu that include not only specialized morphological, physiological and biochemical characteristics (Reig et al. 1990 , Nevo 1999 , Sedl á cek 2007a but also specialized behaviors regarding burrow construction and maintenance of its internal microclimate (Burda 2007 ) . The aim of this study was to test for Allen ' s rule across these rodents ' wide geographical distribution considering that Ctenomys species thermoregulate essentially controlling temperature within their burrows and not by changes in body size.
Materials and methods

Study species and morphometric traits
We based this study on 719 specimens of Ctenomys belonging to 133 natural populations including 47 named species and 32 unnamed or undescribed forms (the term " form " is used here to denote populations that are probably good species or undefi ned taxa within a superspecies or species group; see Mirol et al. 2010 ) from Argentina, Bolivia, Chile, Paraguay and Uruguay sampled by the authors and collaborators (Medina et al. 2007 ) or obtained from the literature (see Figure 1 and Appendix 1 in Medina et al. 2007 ) . External measurements of all specimens included Total Body (TL) and Head plus Body (HB), and Tail (T) lengths. In most individuals, body mass (BM) was also measured or obtained from the literature. The proportions of TL relative to HB and BM were calculated for all individuals and arcsin transformed. Males and females were analyzed separately since all tuco-tuco species exhibit male-biased sexual size dimorphism (SSD) which decreases signifi cantly towards South following the converse Bergmannian pattern of the genus but conforming Rensch ' s rule (Bidau and Medina, submitted) .
Independent variables
For each studied locality, latitude (LAT) and longitude (LON) were recorded and transformed to decimal units. Altitude was recorded as metres above sea level. However, onedimensional analyses have no explanatory power (Hawkins and Diniz -Filho 2004 ) , because size clines may obey to multiple selection pressures that are not only dependent on temperature constraints but also on other climatic and biotic factors that could infl uence body size as explained above (Jones et al. 2005 ). Therefore we considered other independent variables as follows. Environmental variables for each locality included: mean annual temperature (TMEA), mean minimal and maximal temperatures (TMIN, TMAX), mean temperature of the dry season (Tdry), total annual precipitation (PANN), minimal and maximal precipitation (PMIN, PMAX) and mean rainfall of the dry season (Pdry) (Cramer and Leemans 2001 ) . To estimate seasonality, we calculated the annual variability of the climatic factors. Annual variability of temperature was estimated through the coeffi cient of variation (CV = SD*100/ x) (CVT; where x in this case, is the mean annual temperature of each sampled locality, and SD its standard deviation), and the difference between average maximum and minimum annual temperatures (TM-m). We assessed variability of precipitation by the CV of mean annual precipitation (CVP, calculated from mean monthly precipitation and its SD), and the difference between maximum and minimum average monthly precipitation (PM-m).
Because body size clines may be correlated with primary productivity and ambient energy, two correlates of actual (AET) and potential (PET) evapotranspiration were considered (Rosenzweig 1968 , Olalla -T á rraga et al. 2006 . Therefore, we obtained for each geographic point, AET, an estimator of primary productivity (calculated by the Thornthwaite formula), PET, a measure of ambient energy (calculated by the Priestley-Taylor equation), and Water Balance (WB). We used vectors, databases and maps for AET, PET and WB from Ahn and Tateishi (1994a,b) . Data analysis was performed with the Geomatica FreeView V. 10.0 software by PCI Geomatics, Ontario, Canada ( www. pcigeomatics.com ). All data are in mm/year. Mean annual AET, PET and WB values were calculated for each sampled locality. To analyze tail length allometry we used Reduced Major Axis regression (RMA) to estimate slopes for the relationship between log 10 (TL) and log 10 (HB or BM) employing the software of Bohonak and van der Linde (2004) . Clarke ' s t statistic with adjusted degrees of freedom was used for testing the null hypothesis that b RMA = 1.0 for the linear relationship TL/HB, and b RMA = 0.33 for TL/BM (Clarke 1980 ) . Because most environmental variables show a high degree of colinearity, dimensionality of the predictors was reduced by means of Principal Component Analyses (PCA). We established the number of principal components retained and later used as predictors in correlation/regression analyses, by the a, RMA intercept; β , RMA slope; BM, body mass (all variables were log-transformed); CI, confi dence interval; df, degrees of freedom; df 1 , adjusted degrees of freedom; HB, head and body length; ns, non-signifi cant; p, probability; r, Pearson ' s correlation coeffi cient; SE, Standard error; t, Student ' s t-statistic; T, Clarke ' s T-statistic; TL, tail length. of Ctenomys although progress is being made in this sense by CJB and colleagues.
Results
The static allometric scaling of TL in relation with HBL and BM of both sexes was investigated by means of RMA regresssion. Results of the analyses are shown in Table 1 and seem to indicate an isometric scaling of tail length with body size with the exception of the relationship between female TL and HBL where β RMA > 1.0 suggesting positive allometry. However, since ontogenetic allometry was not studied due to the lack of enough juvenile individuals (which are usually not captured) it is not possible to know if tail growth is isometric or allometric in either direction. Raw tail length has a negative correlation with latitude ( r = -0.374, df = 131, p < 0.001) as expected because of the converse Bergmann ' s rule followed by this rodents. We regressed the arcsin -transformed proportion of TL respect to body mass against latitude of the sampled localities. In both sexes, the proportion showed a highly signifi cant positive correlation with latitude; that is tuco-tucos show relatively longer tails as latitude increases (Figure 2 ) . No signifi cant correlations were observed between TL/HBL and latitude (females, p = 0.822, df = 112; males, p = 0.629, df = 110). Also, no signifi cant altitudinal clines were obtained for either of the analyzed variables.
In order to test the possible relationship of relative tail length to climatic factors we considered 14 temperature, precipitation and evapotranspiration variables as represented by the two fi rst principal components that include almost 75 % of the broken-stick criterion (Legendre and Legendre 1998 ) . To improve interpretation of the principal components, they were rotated to simple structure using VARIMAX criterion (Kline 1994 ) . After identifi cation of the best PCA predictors, the best model (combination of variables with high loadings in that PCA) was identifi ed using Akaike ' s Information Criterion (Burnham and Anderson 2002 ) . Most biogeographic and macroecological data are spatially autocorrelated (Legendre 1993 , Diniz -Filho et al. 2003 , Rangel et al. 2006 ) thus, special statistical procedures are required for hypothesis testing, such as Simultaneous Autoregression (SAR) with preset coordinate variables (LON, LAT). In this paper, we performed all spatial analyses in SAM v.3 (Spatial Analysis in Macroecology) (Rangel et al. 2006 ). Finally, independent contrasts (although desirable) were not used because until now, there is not a published comprehensive phylogeny , refers to the effects of the predictors independently of spatial structure. *Signifi cant at the 0.05% level. , is the total coeffi cient of determination of the model (predictors + spatially structured error term); R 2 pred , refers to the effects of the predictors independently of spatial structure. *Signifi cant at the 0.05% level; **signifi cant at the 0.001 level.
total variance explained in both samples as shown in Table 2 in which correlations between loadings and the variables are shown. SARs were performed separately for males and females and both tail length proportions. Except for TL/HB of males, the other proportions were signifi cantly correlated with PC1 (Table 3 ). All regression slopes were negative (Table 3 ) . However, PC1 includes most of the climatic variables considered (Table 2 ) many of which are colinear and signifi cantly correlated (Appendices 1 and 2) thus, the analyses have not great explanatory power. To explore more thoroughly the relationship between tail proportions and environmental factors, we performed SARs between tail proportions and different combinations climatic variables having the highest and lowest Eigenvector loadings in random combinations of 1, 2, 3 and 4 variables using the Akaike Information Criterion to select the best models that predict variation in tail proportion with respect to body mass in both sexes. The best models are shown in Table 4 . In the case of males, PET, Tdry and TM-m were the best univariate models with coeffi cients for the latter two being the most statistically signifi cant (Table 4 ). No multivariate model showed higher AIC values. Similarly in females, TL/BM was best explained by three univariate models (Table 4 ) also including Tdry and TM-m, although AET and not PET was signifi cantly correlated with tail proportion.
The four climatic variables are highly signifi cantly correlated with latitude (see Appendices 1 and 2).
Discussion
Variation in body size and other morphological traits of animals along geographical gradients is one of the most interesting and least understood patterns in nature (Lomolino et al. 2006a ) . A number of these trends have been identifi ed and are usually referred to as " ecogeographical rules " (Ashton 2001 , Lomolino et al. 2006b , Millien et al. 2006 , Gaston et al. 2008 . Of these, Bergmann ' s and Allen ' s rules refer specifically to body size and body proportions of protruding appendages, respectively (Bergmann 1847 , Allen 1877 , 1905 . We chose to analyze variation in relative tail length for reasons discussed below. Although Bergmann ' s rule has received much attention from researchers during more than 160 years and a wealth of information on Bergmannian patterns in endotherms and ectotherms is available (Blackburn et al. 1999 , Ashton et al. 2000 , Freckleton et al. 2003 , Meiri and Dayan 2003 , Medina et al. 2007 ), Allen ' s rule has been rather neglected despite the fact that the proposed mechanism for explaining the trend to shorter appendages toward higher latitudes is essentially the same for Bergmann ' s rule, i.e., conservation or dissipation of heat (Allen 1877 , Lomolino et al. 2006a .
Another problem regarding Allen ' s rule as well as Bergmann ' s and other ecogeographical rules is whether they apply to inter-or intraspecifi c variation (Blackburn et al. 1999 ) and if this is the case, whether mechanisms responsible for the trends are similar or different. In this sense, Watt et al. (2010) have discussed that Bergmann ' s rule is probably a " concept cluster " (Peet 1974 , see also Lawton 1999 ) since it has been applied at different taxonomic levels and many underlying mechanisms have been proposed. This may well be applied to Allen ' s rule too. Most of the published accounts of Allen trends have been intraspecifi c, tracing relative proportions of protruding body parts across the latitudinal or altitudinal distribution of a species, with few exceptions (e.g., Cartar and Morrison 2005 ) . By far, the most thorough interspecifi c study of Allen ' s rule is that of Nudds and Oswald (2007) in gulls and terns. The authors conclude that the mechanism explaining Allen ' s rule, is the reduction of thermoregulatory cost during the coldest part of the breeding season of these species. It is interesting to note that variation occurred in the exposed leg bone elements and not in the feathered elements, reinforcing the thermoregulatory interpretation (Nudds and Oswald 2007 ) .
In rodents, the more important structure involved in thermoregulatory function is the tail, which serves as a heatloss organ (Thorington 1966 , Hickman 1979 , Young and Dawson 1981 , Dawson and Keber 2007 . For example, the Sciurognath Geomys pocket gophers facilitate heat loss during heat stress by increasing blood circulation in their naked tails through which they can lose up to 30 % of their heat production (McNab 1966 ) . Geographic variation in heat loading has produced reduction of body size or increase in tail length in these subterranean rodents (McNab 1966 ) . Tuco-tucos (Hystricognathi) share with pocket gophers many adaptations to the subterranean lifestyle (Nevo 1999 ) although less is known about thermoregulatory mechanisms in this genus. Tuco-tucos tail which has sensory functions, is almost hairless and, if it is used in thermoregulation, is a good candidate to show variation in length according to Allen ' s rule.
The case of tuco-tucos reported here is signifi cant in more than one aspect. First, the observed trend for relative tail length is inverted with respect to Allen ' s rule expectations. Our fi rst hypothesis was that, being fully subterranean thus being much less affected by surface climatic conditions than cursorial species, Allen ' s rule should not operate in this genus, and that was the case. However, instead of lacking a geographical trend, tuco-tucos tend to have relatively longer tails at higher latitudes. Tuco-tucos as other subterranean mammals, maintain fairly constant microclimatic conditions of their burrows, within which they spent > 95 % of the time (Reig et al. 1990 ) through specialized behaviors (Nevo 1999 , Burda 2007 . The degree of exposure to external environmental conditions is minimal.
Although only three species have been adequately studied in this respect their comparison is revealing. Ctenomys torquatus and C. talarum were distributed between 25 ° -35 ° and 35 ° -40 ° , respectively (0 -200 m), and inhabited widely different environments. They maintain constant burrow temperatures of 20° -22 ° C throughout the year (Medina et al. 2007 ). More notorious is the case of C. fulvus , which inhabits the Chilean Puna (20 ° -26 ° S) in isolated oases up to 4000 m elevation; this species maintains burrow temperatures between 19 ° C and 25 ° C, when the above-ground temperature varies from less than 4 ° C to more than 45 ° C with a mean thermal amplitude of ca. 38 ° C during the day and independently of season (Cort é s et al. 2000 ) . Tuco-tuco burrows maintain more constant temperatures than those of other studied subterranean species, such as African bathyergids (Reichman and Smith 1990 , Roper et al. 2001 , Sumbera et al. 2004 , Burda 2007 . It is thus possible that all species maintain similar temperature conditions within their burrows independently of latitude and altitude (Reig et al. 1990 ). It has also been reported for Ctenomys talarum that seasonal changes in fur length may help thermal stability (Cutrera and Antinuchi 2004 ) .
This almost independence of external conditions suggests that classical ecogeographic rules based on thermoregulatory mechanisms, such as Allen ' s, do not need to operate in tucotucos but in fact do occur. Furthermore, body size of Ctenomys species decreases signifi cantly toward higher latitudes and lower temperatures, opposing Bergmann ' s rule (Medina et al. 2007 ). Medina et al. (2007) explained this inverse pattern by temperature-independent mechanisms, such as geographic variation in resources, seasonality and intensity of predation.
Because the relative tail length trend observed in tuco-tucos also inverts Allen ' s rule, it is tempting to attribute the pattern as a consequence of the converse Bergmannian pattern. As shown in results, predictors of relative tail length were Tdry, AET, PET (negative) and TM-m (positive). Tail is relatively longer at lower temperatures, lower primary productivity and less ambient energy (two correlates of AET and PET), and high thermal amplitude. This combination of factors indicates progressively higher seasonality, one of the factors suggested to produce the inverse Bergmann ' s cline (Medina et al. 2007 ) . It is thus proposed that the inversion of Allen ' s rule in Ctenomys is a consequence of negative allometric growth of the tail, and is probably independent of external ambient conditions. As shown in the results, raw tail length is not correlated with latitude while body length and body mass are strongly negatively correlated with latitude thus, while body size decreases progressively towards south, tail length does not, indirectly suggesting that negative ontogenetic allometry (species attaining larger sizes having a slower tail growth) could be the subjacent cause of the converse Allenian pattern which in turn, would result from the inversion of Bergmann ' s rule.
Appendix
Appendix 1
Correlation matrix of all geographic, climatic and morphometric variables considered for males. 
